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New data are reported from a second run of the 2-liter PICO-2L C3F8 bubble chamber with a
total exposure of 129 kg-days at a thermodynamic threshold energy of 3.3 keV. These data show
that measures taken to control particulate contamination in the superheated fluid resulted in the
absence of the anomalous background events observed in the first run of this bubble chamber. One
single nuclear-recoil event was observed in the data, consistent both with the predicted background
rate from neutrons and with the observed rate of unambiguous multiple-bubble neutron scattering
events. The chamber exhibits the same excellent electron-recoil and alpha decay rejection as was
previously reported. These data provide the most stringent direct detection constraints on weakly
interacting massive particle (WIMP)-proton spin-dependent scattering to date for WIMP masses <
50 GeV/c2.
I. INTRODUCTION
The evidence for nonbaryonic dark matter is well es-
tablished [1, 2] and understanding the nature of parti-
cle dark matter is currently one of the most important
quests in the field of particle physics [3]. Weakly inter-
acting massive particles (WIMPs) are a leading candi-
date for the cold dark matter in the universe and provide
solutions for outstanding issues in both cosmology and
particle physics [4].
∗ Corresponding author; camole@owl.phy.queensu.ca
The sensitivity of a dark matter direct detection exper-
iment depends on the WIMP mass and on the nature and
strength of its coupling to atomic nuclei [5–7]. Since the-
ory provides little guidance as to the WIMP mass or cou-
pling, it is important to explore multiple nuclear targets
sensitive to various WIMP-nucleon couplings, including
spin-dependent WIMP-proton, spin-dependent WIMP-
neutron and spin-independent interactions. The 19F nu-
cleus, because of its single unpaired proton and 100 % iso-
topic abundance, provides a unique target to search for
the spin-dependent WIMP-proton interactions. Exper-
iments utilizing superheated fluorine-based liquids have
consistently produced the strongest constraints on such
interactions [8–13].
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2The PICO Collaboration recently reported the obser-
vation of anomalous background events in dark matter
search data with the 2-liter PICO-2L C3F8 bubble cham-
ber [8] deployed in the SNOLAB underground laboratory.
The events were correlated in time with previous activity
in the bubble chamber, and thus they were inconsistent
with dark matter interactions and known backgrounds.
Anomalous events with similar characteristics have also
been reported in CF3I bubble chambers [9, 10]. While
analysis cuts based on the event timing were able to re-
cover the dark matter sensitivity in Run-1 [8], the pres-
ence of an unexplained background clearly indicated a
limit to the technology and precluded scaling to a larger
experiment.
PICO-2L Run-2 was initiated to explore the hypoth-
esis that the anomalous background events observed in
Ref. [8] were caused by particulate contamination in the
bubble chamber fluid. Particulate contamination is not
present on the bubble chamber components following ul-
trasonic cleaning, yet it is expected from both the silica
and stainless steel components of the bubble chamber.
Stainless steel particulate is not produced in significant
quantity during the assembly of the bubble chamber, but
is expected to appear over the course of the run due to
metal fatigue from the flexing action of the bellows and
from corrosion. Silica particulate contamination is ex-
pected to arise primarily from fracturing of the mating
surface of the silica inner vessel flange due to the mechan-
ical stresses associated with its seal to the metal bellows
flange. Stress fracturing [14] can result in significant pro-
duction of silica particulate during the assembly of the
vessel and, once initiated, stress corrosion fatigue is ex-
pected to provide an ongoing source of new silica partic-
ulate contamination.
II. PARTICULATE MITIGATION
Measures taken to reduce the silica particulate con-
tamination prior to Run-2 include the replacement of
the quartz flange originally supplied on the fused silica
inner vessel with a new flange fabricated from Corning
7980 Fused Silica [15]. In addition to being lower in ra-
dioactivity than quartz, the Corning material has fewer
impurities, inclusions, and surface flaws and is therefore
more likely to be resistant to stress fracturing [14, 16]
and to the production of silica particles. A second mea-
sure was to modify the assembly sequence and fixtures to
facilitate a more thorough rinse of the assembled vessel
to remove silica particles that might have been generated
during the assembly of the seal. Following the final rinse,
the inner vessel assembly was dried using filtered gas flow
and elevated temperature and it was evacuated and leak-
checked using a turbo vacuum pump [17], eliminating all
exposure of the inner vessel to a scroll vacuum pump [18]
that was identified as a potential source of contamination
in Ref. [8].
No measures were taken to mitigate the production
of stainless steel particulate from the bellows prior to
Run-2. Possible measures that were considered included
specialized coatings to suppress particulate emission, a
plastic bellows liner to contain the stainless steel parti-
cles, and replacement of the stainless steel bellows with
a bellows formed from an alternative material. To avoid
the possibility that the introduction of new construction
materials might complicate the comparison of Run-2 to
Ref. [8], the measures to mitigate the stainless steel con-
tamination were deferred. For the same reason, a system
developed for recirculation and filtering of chamber fluids
was not implemented in Run-2. Consequently, the initial
condition of the Run-2 bubble chamber was as identical
as possible to the initial condition of Ref. [8], except for
the reduction of silica and possible scroll pump particu-
late contamination, allowing for a direct comparison free
from systematic differences.
Additional measures were also taken to reduce the agi-
tation of the chamber to encourage settling of particulate,
and to avoid stirring up any particles that might have
settled out on the bubble chamber surfaces or the fluid
interface. These measures include a careful optimization
of triggering, expansion, and compression parameters, in-
creasing the compression time between bubble nucleation
events, and raising the pressure of the chamber from 31.1
psia, as in Ref. [8], to 37.2 psia, reducing the volatility of
bubble growth. The Run-2 temperature was correspond-
ingly increased in order to maintain the same 3.3 keV
thermodynamic energy threshold as Ref. [8].
III. OTHER MODIFICATIONS
Several technical improvements unrelated to back-
ground reduction were implemented to improve the per-
formance of the bubble chamber for Run-2. The num-
ber of temperature sensors was doubled and additional
cooling was added to the top flange of the pressure ves-
sel and to the camera enclosures to improve tempera-
ture uniformity across the active volume. Modifications
were made to add over-voltage protection to the lead
zirconate acoustic transducers and their number was in-
creased from three to six to address a reliability problem
encountered in Ref. [8]. The VGA resolution cameras
(491x656) used in [8] were replaced with higher-resolution
(1280x1024) devices to improve the spatial resolution of
bubble position reconstruction.
IV. OPERATIONS
The target mass of 2.91± 0.01 kg of C3F8 was kept
in a superheated state at a temperature of 15.8 ◦C and
a pressure of 37.2 psia. For these run conditions, the
thermodynamic threshold energy is estimated using the
Seitz “hot spike” model [19] and is calculated to be
3.3± 0.2(exp)± 0.2(th) keV, with the experimental un-
certainty originating from the uncertainty in tempera-
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FIG. 1. AP distributions (in log scale) of the single-bubble
events originating within the optical fiducial volume for neu-
tron calibration data (black) and WIMP search data (red).
The signal region in AP for single nuclear recoils is indicated
between the dashed blue lines. In both the calibration and
WIMP search data, the two peaks at higher AP are from
222Rn chain alphas, with higher-energy alphas from 214Po de-
cay producing larger acoustic signals [8, 9]. The observed
rate of alpha decays is consistent between WIMP search and
neutron calibration data.
ture (0.3 ◦C) and pressure (0.7 psi) and the theoretical
uncertainty attributed to the thermodynamic properties
of C3F8. The Run-2 thermodynamic threshold is equiv-
alent to the lowest threshold reported in Ref. [8] but at
a higher temperature and pressure. The gross activity
of the chamber in Run-2, measured by the number of
expansions and the mean superheat time per expansion
was comparable to Ref. [8].
A total of 66.3 live-days of WIMP search data was
collected at the 3.3 keV thermodynamic threshold be-
tween June 12 and September 25, 2015. During this time,
the detector was twice exposed to an AmBe calibration
source to monitor the response to nuclear recoils from
neutrons, and twice to a 133Ba source to evaluate the
response to gamma-induced electron recoils. Data col-
lected within 24 hours after any technical interruption
were not included in the WIMP search.
V. ANALYSIS
The data analysis presented here uses techniques sim-
ilar to those described in Ref. [8]. All the neutron cal-
ibration data were scanned by eye to check the bubble
multiplicities and the identified single-bubble events were
used to evaluate the efficiency of the data analysis cuts.
A set of data quality cuts was applied to remove
events with failed optical reconstruction (bubble position
and/or multiplicity), excessive acoustic noise, or poor
agreement in the evaluated time of the bubble nucle-
ation from the six acoustic transducers. The combined
efficiency of the data quality cuts was 0.85± 0.02. The
acoustic analysis was performed using a procedure de-
scribed in Ref. [10], and the same acoustic parameter
(AP) cut range of 0.7<AP< 1.3 as in Ref. [8, 10, 11] was
adopted. The AP distributions for WIMP search and cal-
ibration data are shown in Fig. 1. The AP cut has an ac-
ceptance of 0.94± 0.02 for neutron-induced single-bubble
events and an alpha rejection of > 98.8% (90% C.L.). An
optical-based fiducial volume cut was derived such that
less than 1% of the events originating at the interfaces
(between C3F8, water buffer and glass walls) were ac-
cepted to be in the fiducial bulk volume and had an effi-
ciency of 0.84± 0.01.
The total acceptance for single-bubble nuclear-recoil
events including data quality, AP, and fiducial cuts in
this run was 0.67± 0.03, resulting in a total exposure
after cuts of 129 kg-days. The position and acoustic res-
olution were significantly improved for Run-2, resulting
in higher fiducial and AP cut efficiencies. However, the
acceptance of the data quality cuts, and the total accep-
tance, was lower than in Ref. [8] due to water droplets
on the inside wall of the inner vessel compromising the
optical reconstruction of a fraction of the events, and ad-
ditional transient acoustic noise.
To search for neutron-induced multiple-bubble events
in the WIMP search data, all events for which more than
one bubble is reconstructed in one or both of the cam-
era images were manually scanned. The acceptance of
this selection criterion was determined using the neutron
calibration data to be 0.93± 0.01. This is substantially
higher than the acceptance for single nuclear-recoil events
since no acoustic or fiducial cuts are needed to identify
multiple-bubble events.
VI. BACKGROUNDS
A constant rate (4 cts/day) of AP-tagged alpha de-
cay events was observed, similar to Ref. [8]. Based
on detailed Monte Carlo simulations, the background
contribution from (α,n) and spontaneous fission neu-
trons was predicted to be 0.008(0.010) counts/kg/day
for single(multiple)-bubble events, with a total uncer-
tainty of 50%. This is higher than the estimate from
Ref. [8], due to the addition to our simulation of (α,n)
reactions on 14N from radon-chain decays in air within
the neutron shielding. The background model predicts
1.0(1.8) single(multiple)-bubble events from neutrons af-
ter all cuts. Fewer than 0.02 electron-recoil events were
expected, based on a measurement of 4 candidate events
during 12.2 live-days of exposure to a 1 mCi 133Ba source
coupled with a Monte Carlo simulation in GEANT4 [20]
of the natural gamma flux at the location of the cham-
ber [21, 22]. The 133Ba calibration result corresponds to
a measured efficiency of (2.2± 1.2 )×10−11 for electron
recoils in C3F8 at a 3.3 keV thermodynamic threshold.
VII. RESULTS
A total of 1(3) single(multiple)-bubble nuclear-recoil
events were observed in the 129 kg-day exposure. These
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FIG. 2. Spatial distribution of bubble events in the 3.3 keV
WIMP search data for Run-1 [8] (left, 32.2 live-days) and
Run-2 (right, 66.3 live-days). Z is the reconstructed vertical
position of the bubble, R is the distance from the center axis
and Rjar the nominal inner radius of the silica jar (72.5 mm).
Red filled circles are WIMP-candidate events in the fiducial
bulk volume, blue open circles are alpha-induced bulk events,
and black dots are non-bulk events. The rate of pressure
rise, measured by an AC-coupled transducer, was used for
the fiducial volume cut in Ref. [8]. An identical transducer
installed for Run-2 failed during commissioning, and the Run-
2 fiducial volume cut is entirely based on the improved optical
reconstruction.
data show the absence of the anomalous background
events observed in the first run [8] of PICO-2L (Fig. 2).
The observed rate of both single- and multiple-bubble
nuclear-recoil events is consistent with the expected back-
ground from neutrons. No neutron background subtrac-
tion is attempted, and the WIMP scattering cross-section
upper limits reported here are simply calculated as the
cross sections for which the probability of observing one
or fewer signal events in the full 129 kg-day exposure is
10 %.
The same conservative nucleation efficiency curves are
used as in Ref. [8], with sensitivity to fluorine and carbon
recoils above 5.5 keV. The standard halo parametriza-
tion [23] is adopted, with ρD=0.3 GeVc
−2cm−3, vesc
= 544 km/s, vEarth = 232 km/s, vo = 220 km/s, and
the spin-dependent parameters are taken from Ref. [24].
Limits at the 90% C.L. for the spin-dependent WIMP-
proton and spin-independent WIMP-nucleon elastic scat-
tering cross sections are calculated as a function of WIMP
mass and are shown in Figs. 3 and 4. These limits in-
dicate an improved sensitivity to the dark matter sig-
nal compared to the previous PICO-2L run and are cur-
rently the world-leading constraints on spin-dependent
WIMP-proton couplings for WIMP masses < 50 GeV/c2.
For WIMP masses higher than 50 GeV/c2, only the con-
straints from PICO-60 [9] are stronger.
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FIG. 3. The 90 % C.L. limit on the SD WIMP-proton
cross section from Run-2 (Run-1 [8]) of PICO-2L is plot-
ted in green (red), along with limits from PICO-60 (brown),
COUPP-4 (light blue region), PICASSO (dark blue), SIM-
PLE (thin green), XENON100 (orange), IceCube (dashed
and solid pink), SuperK (dashed and solid black) and CMS
(dashed orange) [9, 10, 12, 13, 25–29]. For the IceCube and
SuperK results, the dashed lines assume annihilation to W
pairs while the solid lines assume annihilation to b quarks.
Comparable limits assuming these and other annihilation
channels are set by the ANTARES, Baikal and Baksan neu-
trino telescopes [30–32]. The CMS limit is from a monojet
search and assumes an effective field theory, valid only for a
heavy mediator [33, 34]. Comparable limits are set by AT-
LAS [35, 36]. The purple region represents the parameter
space of the constrained minimal supersymmetric standard
model of Ref. [37].
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FIG. 4. (Color Online) The 90% C.L. limit on the SI
WIMP-proton cross-section from Run-2(Run-1 [8]) of PICO-
2L is plotted in green(red), along with limits from PICASSO
(blue), LUX (black), CDMSlite and SuperCDMS (dashed
purple) [12, 38–40]. Similar limits that are not shown for
clarity are set by XENON10, XENON100 and CRESST-
II [41–43]. Allowed regions from DAMA (hashed brown), Co-
GeNT (solid orange), and CDMS-II Si (hashed pink) are also
shown [44–46].
5VIII. DISCUSSION
These data demonstrate the excellent performance of
the PICO detector technology and provide strong evi-
dence that particulate contamination suspended in the
superheated fluid is the cause of the anomalous back-
ground events observed in the first run of this bub-
ble chamber. Preliminary indications suggest that the
radioactivity present in the particulate may be insuffi-
cient to account for the events as originating with al-
pha decays, so the bubble-nucleation mechanism associ-
ated with the particulate contamination is still unknown.
Nonetheless, the identification of particulate contamina-
tion as the origin of the anomalous background events
observed in Ref. [8] provides the critical engineering guid-
ance needed to develop a larger-scale background-free ex-
periment.
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